A conserved positive residue in the seventh transmembrane domain of the mammalian proton-coupled diand tripeptide transporter PepT1 has been shown by site-directed mutagenesis to be a key residue for protein function. Substitution of arginine 282 with a glutamate residue (R282E-PepT1) gave a protein at the plasma membrane of Xenopus laevis oocytes that was able to transport the non-hydrolyzable dipeptide [
Proton-coupled transport of di-and tripeptides is well established as the major route for absorption of dietary nitrogen across the intestinal epithelium as well as reabsorption from the glomerular filtrate in the kidney (1) . The gene encoding the membrane transport protein responsible for uptake in the intestine and renal cortical proximal tubule (PepT1) has been cloned, first from rabbit small intestine (2) and subsequently from other species, including human (3). The PepT1 gene encodes a protein of 707 amino acids that spans 12 transmembranes, for which there is no direct structural information except for the confirmation of the membrane topology (4) . Indirect approaches to elucidating the protein structure have led to the proposal of a template for transported substrates (5) , and computer modeling of transmembrane regions by Lee and coworkers (6, 7) has resulted in a number of suggested models. One residue of interest is Arg-282 because it is highly conserved as a positively charged residue between species and also represents a charged residue in a transmembrane region (TM)7.
1 From the topology model, this residue would be predicted to be toward the cytoplasmic end of TM7 with our working hypothesis suggesting that Arg-282 might be involved in the gating of PepT1, possibly by charge-pairing to another negatively charged residue. 2 A study by Bolger et al. (6) reported that an arginine to alanine mutation (R282A) in human PepT1 had a modest effect on PepT1 activity when expressed in HEK293 cells with no significant change in affinity and a slight decrease in V max (3.7 Ϯ 0.1 versus 4.4 Ϯ 01 nmol/mg of protein/ min for R282A and wild-type PepT1, respectively). This was in agreement with their computer modeling that predicted that Arg-282 was involved in regulating translocation. During the preparation of this manuscript, it was reported that an R282E mutation in human PepT1 reduced uptake activity (7), but no kinetic characterization was performed.
Here it is reported that rabbit PepT1 with an R282E mutation still transports dipeptides but in a manner analogous to facilitated diffusion. R282E-PepT1 also demonstrates a peptide-gated, nonspecific cation conductance pathway. Therefore, it is proposed that Arg-282 plays an essential role in the protoncoupling of peptide transport by rabbit PepT1. Preliminary results from this study have been published in abstract form (8) .
EXPERIMENTAL PROCEDURES
Site-directed Mutagenesis-Oligonucleotides were custom synthesized (Sigma-Genosys, Haverhill, Cambridgeshire UK) for the following sequences (residues in bold are changed from wild-type PepT1). R282E-PepT1 forward was 5Ј-CAGATCAAGATGGTTACGGAGGTGCTGTTC-CTGTACATC-3Ј, and R282E-PepT1 reverse was 5Ј-GATGTACAGGA-ACAGCACCTCCGTAACCATCTTGATCTG-3Ј. Site-directed mutants were generated using the QuikChange protocol (Promega, Southampton, UK), and the resulting constructs were confirmed by DNA sequencing (carried out at the Department of Biochemistry, University of Oxford, Oxford, UK).
cRNA Synthesis and Oocyte Injection-Constructs were linearized with XbaI (New England Biolabs, Hitchin, Hertfordshire UK), and cRNA was generated by in vitro transcription (mMessage mMachine, Ambion, Cambridgeshire, UK). Healthy looking Xenopus laevis oocytes (stages V and VI) were obtained by previously described methods (9) and maintained at 8°C in modified Barth's medium (88 mM NaCl, 1 mM KCl, 0.82 mM MgSO 4 , 2.4 mM NaHCO 3 , 0.42 mM CaCl 2 , 10 mM Hepes, 5 mM sodium pyruvate, and 50 g ml Ϫ1 gentamicin (Fluka, Poole, UK), adjusted to a pH of 7.6 with NaOH). Transport measurements were performed at least 72 h after microinjection of oocytes with 27.6 nl of * This work was funded in part by the Wellcome Trust. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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After incubation, the oocytes were washed sequentially five times in 1 ml of ice-cold uptake medium, then lysed individually with 100 l of 2% (w/v) SDS, and counted by liquid scintillation. When used for collapsing the membrane potential, the high K ϩ uptake medium had the following composition: 97 mM KCl, 1 mM CaCl 2 , 0.42 mM MgCl 2 , and 10 mM Tris/Hepes, pH 7.4.
Trans-stimulation experiments were performed by preinjecting the oocytes with 4.6 nl of [ 3 H]D-Phe-L-Gln. The oocytes were allowed to recover for 15 min in 1 ml of uptake medium, pH 5.5, before being transferred to 100 l of uptake medium, pH 5.5, containing 20 mM Gly-L-Gln (Sigma, Poole, Dorset, UK). As a control, oocytes were also incubated in uptake medium without Gly-L-Gln. After incubation for 90 min, the oocytes were washed, lysed, and counted by scintillation as described above.
Electrophysiology-Membrane potential was measured using a Dagan CA-1B amplifier (Dagan Corp., Minneapolis, MN). Oocytes impaled with a AgCl/3 M KCl-filled glass microelectrode (resistance ϳ0.5 megohm) were superfused with uptake medium containing 2 mM Gly-L-Gln or uptake medium alone as a control. The changes in membrane potential as recorded against a second microelectrode close to the oocyte in the bath were recorded on a chart recorder.
A two-electrode voltage clamp was performed using the Dagan CA-1B amplifier in clamp mode with two electrodes impaling the oocyte and the bath electrode positioned as close as possible to the oocyte.
Step changes from the holding membrane potential of Ϫ50 mV were made over a range of ϩ40 to Ϫ150 mV in 10-mV increments, held for 100 ms (using the Clampex program), and analyzed with the Clampfit software (pCLAMP 6.0 software suite, Axon Instruments, Inc., CA).
RESULTS

Uptake of D-Phe-L-Gln by R282E-PepT1
Compared with wtPepT1 at pH 5.5 and 7.4 -The uptake of dipeptide by wt-PepT1 at pH 5.5 was 2.3-fold that at pH 7.4, whereas the uptake for R282E-PepT1 at both pH 5.5 and 7.4 was almost equal (Fig. 1) . The absolute uptake by R282E-PepT1 was 42 Ϯ 7% and 71 Ϯ 6% compared with that of wt-PepT1 at pH 5.5 and 7.4, respectively (n ϭ 3). Although uptake was no longer stimulated by an inwardly directed proton gradient, peptide transport by R282E-PepT1 was still sensitive to the histidine-modifying reagent diethylpyrocarbonate (5 mM, 10-min preincubation, data not shown) as is the wild type (10) . The transport of dipeptide by R282E-PepT1 was also unaffected by the replacement of sodium ions in the medium with lithium (Fig. 1) .
Kinetic Determination of R282E-PepT1-To ascertain whether the binding affinity for R282E-PepT1 was altered from that of wt-PepT1, inhibition studies were performed using increasing concentrations of the neutral dipeptide Gly-L-Gln at both pH 5.5 and 7.4 ( Fig. 2) . As can be seen, both R282E-PepT1 and wt-PepT1 show the same K i for Gly-L-Gln against the uptake of D-Phe-L-Gln at pH 5.5 (ϳ0.2 mM) and 7.4 (ϳ0.1 mM).
Rates of Trans-stimulation by R282E-PepT1 and wt-PepT1-Despite having the same K i for Gly-L-Gln, under trans-stimulation conditions there was a greater percentage of trans-stimulation for R282E-PepT1 than for wt-PepT1 under the same conditions, pH 5.5 (Fig. 3 ). Taken together with the finding that uptake is not stimulated by external acidification, the fact that there was a faster efflux of labeled element from the R282E-PepT1-expressing oocytes, despite the conditions favoring uptake (i.e. pH 5.5 plus membrane potential), is strongly suggestive that transport is not pH-driven.
Time Course of Uptake at pH 5.5 Versus pH 7.4 -In the wild-type PepT1, transport is driven by both the proton gradient plus the membrane potential (11) , and this allows dipeptides to be concentrated above the extracellular level. This can be seen in Fig. 4 , in which the uptake of dipeptide by wt-PepT1 at pH 5.5 is linear over 4 h and reaches ϳ4 times the concentration expected for the simple equilibration of a neutral substrate (assuming an intra-oocyte volume of 1 l). In contrast, in the absence of a proton gradient, only the membrane potential is driving uptake, and as can be seen there is little concentrative uptake. By comparison, the R282E-PepT1 mutant shows no uptake above equilibrium at either pH 5.5 or 7.4, indicating that the uptake of peptide is no longer coupled to the proton gradient.
Electrophysiological Characterization of R282E-PepT1-Electrophysiology was used to measure membrane potential by impaling the oocyte with a single glass electrode. The membrane potentials measured (Table I) show there was no difference between the resting potentials for wt-PepT1 or R282E-PepT1 expressing oocytes. At pH 7.4, the resting potential was slightly lower than it was at pH 5.5. This may be explained by an increased proton current through the membrane at pH 5.5, causing a depolarization. As would be expected, in the wild type there was a significant depolarization of membrane potential on application of 2 mM Gly-L-Gln, caused by the electrogenic cotransport of dipeptide and protons. This was seen at both pH 5.5 (Ϫ17.7 to ϩ8.7 mV) and 7.4 (Ϫ25.0 to Ϫ2.0 mV). For the R282E-PepT1 mutant, the depolarization at pH 5.5 was larger than that for the wild type (at Ϫ16.3 to ϩ31.0 mV) despite the rate of peptide uptake being less than half as great under these conditions. At pH 7.4, the mutant R282E-PepT1 again showed a larger depolarization (Ϫ23.7 to ϩ9.0 mV) than the wild type, and the overall depolarization was smaller at ϩ33 mV compared with that seen at pH 5.5 (ϩ47 mV). The fact that the R282E-PepT1 oocytes depolarized to more positive potentials (ϩ9.0 Ϯ 1.0 mV) at an external pH level of 7.4 than the wtPepT1 (Ϫ2.0 Ϯ 4.4 mV) suggested that there were additional currents being generated by the mutant transporter.
To further characterize these peptide-induced currents, R282E-PepT1 expressing oocytes were voltage-clamped, and current-voltage (I-V) characteristics were investigated (Fig. 5) . As can be seen from looking at the reversal potentials, the current appears to be generated from the nonspecific movement of cations. this conclusion is reached from the following observations. pH 7.4) shifted the reversal potential to a much more positive value, indicating that lithium has a greater permeability than sodium. (iii) The permeability to sodium inferred from (ii) is confirmed by the effect of replacing sodium with N-methyl-Dglucamine (both pH 7.4), which gives a much more negative reversal potential. (iv) At pH 5.5 the reversal potential is approximately Ϫ120 mV, indicating that under these conditions the predominant ion movement is that of potassium.
DISCUSSION
In the absence of a crystal structure for PepT1, the structure of the protein, its binding site, and the mechanism of operation can only be determined by indirect approaches. In all known mammalian isoforms of PepT1 there is absolute conservation of a positively charged amino acid in TM7, consisting of an arginine in humans, rabbit, pig, and sheep or a lysine in dog, mouse, and rat. Interestingly, PepT2 isoforms in the mouse and rat have an arginine at the homologous position (Arg-301 in rabbit PepT2). In this study, site-directed mutagenesis of Arg-282 of the rabbit PepT1 sequence to a negatively charged glutamate residue has provided an interesting insight into the way in which PepT1 functions.
Uptake of the model dipeptide D-Phe-L-Gln by R282E-PepT1 was shown to be uncoupled from the obligatory cotransport with protons of the wild type, with the mutant transporter no longer able to concentrate substrate above the extracellular level. A similar result was found for the Escherichia coli lactose permease when a TM arginine (Arg-302) was mutated to a leucine; the ability of E. coli to concentrate lactose was abolished whereas the proton flux was increased, although in this case the K m value was increased by almost 10-fold (12) . There is strong biochemical evidence that Glu-325 is protonated during the transport cycle and that an interaction between Arg-302 and Glu-325 is responsible for the release of this proton into the cytoplasm (13) . Very recently (14) , the crystal structure of the E. coli lactose permease has been resolved, showing Arg-302 to be in a hydrophobic environment, which, because there are no hydrogen bond donors in the immediate vicinity, would favor its being in the protonated state. In the crystal structure, Arg-302 is ϳ7 Å away from Glu-325, meaning that a large side chain rearrangement would be necessary for these two residues to form a direct salt bridge, although the authors proposed that these residues may interact via hydrogen bonds to Tyr-236. Intriguingly, in PepT1 there is a conserved tyrosine (Tyr-167) in TM5 that has been shown to be essential for PepT1 transport activity (6) and a conserved glutamate, Glu-594, in TM10 that is also essential (E594D-PepT1 was expressed at the plasma membrane but had no transport activity in Xenopus oocytes (see Ref. 8)), although this has previously been proposed to act as the binding site for the N terminus of the substrate (5) . There is also a conserved aspartate residue (Asp-341) in TM8 that may be involved, and future experiments will investigate this.
The depolarization observed with R282E-PepT1 could be caused by the movement of a number of ions through an uncoupled but peptide-gated pathway in the mutant PepT1 transporter protein in which protons, sodium or calcium ions entering or chloride ions exiting the oocyte, could all account for the observed charge movements. Because of the observations that the level to which the R282E-PepT1 oocyte is depolarized is greatly reduced from ϩ31 to ϩ9 mV when pH out is changed from 5.5 to 7.4, respectively, and that the overall observed current is decreased, the most likely candidate is protons. The lower resting potential would be predicted to increase the driving forces for chloride efflux and sodium influx, assuming that the properties of the ion-conducting pathway through R282E-PepT1 remain unaffected by extracellular pH, whereas the opposite is observed. In contrast, the decrease in the magnitude of the peptide-induced depolarization on raising pH out is exactly as would be predicted for a proton entry pathway because the chemical gradient for entry will be reduced as pH is raised from 5.5 to 7.4, and proton entry is driven solely by the membrane potential.
The hypothesis that protons are involved in the current is supported by the two-electrode voltage clamp data, but there is also evidence for movement of other cations as well. The currents and reversal potentials seen for pH 7.4 indicate that the conductance has the permeability series lithium Ͼ sodium Ͼ N-methyl-D-glucamine. The conductance seen at pH 5.5 suggests that protonation of residues in the PepT1 protein cause an increase in the ion permeability to potassium, hence the highly negative reversal potential. These findings are in contrast with studies in this laboratory (17) and with electrophysiological studies of wild-type rabbit PepT1, in which all the charge movement was attributable to the movement of protons (15) .
The dissociation of transport and ion movement is not without precedent. In the lactose permease of E. coli, mutation of a transmembrane region arginine (Arg-302) to a leucine has been found not only to abolish the ability of E. coli to concentrate lactose but also to cause a sugar-dependent proton leak (12) . More recently, it has been reported that mutation of arginine 445 to a serine in the neuronal glutamate transporter EAAC1 to non-positive residues results in reduced transport of glutamate along with uncoupled movements of the cations sodium and potassium (16) . However, as with the mutation in the lactose permease, the affinity of R445S-EAAC1 is much lower than that of the wild type, suggesting that in both cases these residues are involved in substrate binding. This is not the case for R282E-PepT1, in which the affinity is the same for both the mutant and the wild type, indicating that this arginine residue is not directly involved in the substrate binding site but is involved in the proton-coupling pathway. The finding that mutation of a single amino acid residue in PepT1 changes its mode of action from an active (i.e. proton-coupled) to a facilitated peptide transporter (with a peptide-induced cation current) shows how close the protein sequence can be between different types of transporter.
